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Summary

An investigation was conducted to examine the friction and wear behavior of the two types of oxide
ceramic films furnished by the U.S. Army Research Laboratory, Development and Engineering Center
(ARDEC) under Space Act Agreement SAA3-567. These two types of oxide ceramics were grown on
55Ni-45Ti (60 wt% Ni and 40 wt% Ti) substrates: one was a TiO, with no other species (designated the
B film) and the other was a TiO, with additional species (designated the G film). Unidirectional ball-on-
disk sliding friction experiments were conducted with the oxide films in contact with sapphire at 296 K
(23 °C) in ~50-percent relative humidity laboratory air in this investigation. All material characterization
and sliding friction experiments were conducted at the NASA Glenn Research Center. The results indi-
cate that both films greatly improve the surface characteristics of 55Ni-45Ti, enhancing its tribological
characteristics. Both films decreased the coefficient of friction by a factor of 4 and increased wear
resistance by a two-figure factor, though the B film was superior to the G film in wear resistance and
endurance life. The levels of coefficient of friction and wear resistance of both films in sliding contact
with sapphire were acceptable for NASA and Department of Defense tribological applications. The
decrease in friction and increase in wear resistance will contribute to longer wear life for parts, lower
energy consumption, reduced related breakdowns, decreased maintenance costs, and increased reliability.

Introduction

Ceramics, for the most part, do not have inherently good friction properties. For example, coefficients
of friction in excess of 0.5 have been reported for silicon carbide sliding on silicon carbide, sapphire slid-
ing on sapphire, silicon nitride sliding on silicon nitride, and silicon nitride sliding on M50 bearing steel
(refs. 1 to 3). All of these studies confirm that ceramic tribological components and systems need to be
lubricated (ref. 4). This is a significant challenge because the required application temperatures are often
higher than the thermal oxidation limits of lubricating oils and even of conventional solid lubricants such
as graphite and molybdenum disulfide. This lubrication issue can act as a severe brake in the development
of technologies—and indeed, has already done so (ref. 5). For example, gas bearing designs are limited to
lower operating temperatures if start and stop are performed under load because, in general, they are dry-
rubbing bearings using either a hard/hard combination of materials, such as ceramics with or without a
molecular layer of boundary lubricant, or a hard/soft combination using a polymer surface (ref. 6). There-
fore, research to develop high-temperature, low-friction ceramics in film and coating form or bulk form is
a logical approach to this problem.
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Oxide ceramic films and coatings have unique capabilities as mechanical-, chemical-, and thermal-
barrier materials in diverse applications, including gas bearings requiring wear resistance and chemical
stability at elevated temperatures. In addition, some oxide ceramic films and coatings, such as SiO,,
possess fairly low friction (ref. 7).

This investigation was conducted to examine the friction and wear behavior of oxide ceramic films
furnished by the U.S. Army Research Laboratory, Development and Engineering Center (ARDEC) under
Space Act Agreement SAA3-567. The primary purpose of this agreement is the technology transfer of the
new oxide ceramic films so that they can be evaluated for NASA and Department of Defense
applications. Two types of oxide ceramics were applied to 55Ni-45Ti (60-wt% Ni, 40-wt% Ti) substrates:
one was a TiO, with no other species (designated the B film for convenience), and the other was a TiO,
with additional metallic species (designated the G film).

Materials

Ti0O, with no other species was formed on 60 nitinol (60 wt% Ni and 40 wt% Ti) using a patented
oxide treatment (U.S. Patent 6,422,010). The 60 nitinol metal disks are placed in an air furnace and
ramped up to a temperature setting of between 1123 and 1223 K (850 and 950 °C). This is accomplished
in approximately 2 hr on the basis of the furnace loading. After this temperature setting is held for
approximately 2 hr, the specimens receive a rapid quench into water to harden the surface. The Rockwell
hardness level (Rockwell C 54 to C 60) attained is function of the treatment temperature and the rapidity
of the water quench. Rockwell C 54 is attained at 1123 K whereas Rockwell C 60 can be reached using a
treatment temperature of 1223 K. The cooled specimen is then degreased and the process is repeated to
provide a second oxide layer. After this, the oxide surface is polished with diamond paste to provide the
reflective, smooth surface finish.

TiO, with additional metallic species was formed on 60 nitinol by heating the specimen manually in a
MAPP flame. MAPP gas is made by combining methylacetylene-propadiene with liquefied petroleum gas
(propane).

Experiments
Materials Characterization

The analytical techniques used to characterize the surface chemistry, morphology, and topography of
the oxide ceramic films, substrate, and counterpart material included (1) x-ray photoelectron spectroscopy
(XPS) to characterize the surface chemistry and identify the chemical compositions; (2) optical interfer-
ometry (optical profilometry without contact) with a profile height resolution of 0.1 nm to determine
surface characteristics, such as the topography, roughness, and wear volume loss; (3) scanning electron
microscopy (SEM) with energy dispersive spectroscopy (EDS) to determine the morphology and elemen-
tal composition of wear surfaces, transferred materials, and wear debris; and (4) Vickers hardness testing
to determine the microhardness of the films.

XPS is a surface-sensitive technique that allows for the identification and quantification of elements
and trace contaminants found on a surface (approximately 3.0 to 5.0 nm). It is also sensitive to matrix
effects, allowing for chemical state information about any elements detected. Varying the takeoff angle of
the electrons coming from the sample surface makes it possible to obtain extremely sensitive surface data
(<1.5 nm). Depth profiling of layered materials is also possible if ion bombardment of the surface is
alternated with elemental analysis. XPS spectra were acquired on a VG Mk II ESCALAB, using Mg K,
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x-rays with an emission current of 20 mA and an accelerating voltage of 15 keV. The base pressure in the
analytical chamber was 1x10°* Pa (N-m ). The analyzer operated in the constant analyzer energy mode
with 50-eV pass energy, and the spectra were taken with the surface plane normal to the analyzer axis
using an aperture of 1 mm by 1 mm. An Ar’ ion beam with 4-kV kinetic energy was used to depth profile
the specimens. Survey scans were taken of the as-received specimens to identify any trace components,
and these were followed by multiplex scans of the individual peak regions. Each of the samples was then
lightly sputtered (1.7 nm removed) to remove any adventitious carbon and oxygen that were present on
solid surfaces that had been exposed to air and to help identify any trace elements. Depth profiles were
then obtained on each of the elements identified in the survey scans.

Friction and Wear Experiment

Unidirectional ball-on-disk sliding friction experiments were conducted at 296 K (23 °C) in
~50-percent relative humidity laboratory air in this investigation. All sliding experiments were conducted
with 6-mm-diameter sapphire balls in sliding contact with TiO,-based films at an initial Hertzian contact
pressure of ~0.6 GPa, at a constant speed of 120 rpm, and with a sliding velocity that ranged from 38 to
119 mm-s ' because of the wear track radii involved in the experiments. The friction-and-wear apparatus
used in the investigation (fig. 1) was mounted in a chamber. The apparatus can measure friction in air
during sliding. The friction force was continuously monitored during the experiments. Wear was quanti-
fied by measuring the size of the wear scar and wear track on each specimen after the wear experiment.

Two or three sliding wear experiments were conducted with each material couple at each wear condi-
tion. Then, the data were averaged to obtain the wear volume loss of material. The wear volume loss was
determined by using the optical profiler without contact or by using SEM.

The wear volume loss of a disk specimen was determined by using noncontact, optical profilometry.
This method characterizes and quantifies surface roughness, height distribution, critical dimensions (such
as the area and volume of the damaged wear tracks), and topographical features. It has three-dimensional
profiling capability with excellent precision and accuracy (e.g., profile heights ranging from <1 nm
up to 1000 um with 0.1-nm height resolution). The shape of a surface can be displayed by a computer-
generated map developed from digital data derived from a three-dimensional interferogram of the surface.
In this investigation, all measurements were made with an effective magnification of x 2.5097 (a x 5
magnification objective and a x 0.5 magnification eyepiece) that profiled an effective field-of-view with a
1.875- by 2.463-mm area and height sampling up to 1000 um for disk specimens.

The wear volume loss of a ball specimen was determined by measuring the size of the wear scar on
the tip of the ball after an experiment. The diameter of the wear area was measured on an SEM photo-
graphic print by using electronic digital calipers, SEM image analysis, or optical microscopy image
analysis. Then the volume of material that would have been removed was calculated from the average
diameter of the circular wear scar.

Hardness Measurement
All indentations were made with a diamond Vickers indenter at a load ranging from 0.1 to 3 N in air

at room temperature. The time in contact was 20 s. Each hardness value was the average of five
measurements.
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Results and Discussion
Surface Chemistry

XPS surface analysis and depth profiling were performed on both films. A survey scan of the
as-received surface of the B film (fig. 2(a)) showed it to consist primarily of titanium and oxygen with
surface contaminants, such as carbon. The initial analysis of this as-received surface only showed the
presence of titanium, oxygen, and carbon. After a light sputter for 1 min, the carbon was gone and only
titanium oxide remained (fig. 2(b)). An XPS depth profile was set up to monitor these elements (fig. 3). It
can be seen that the titanium concentration and oxygen concentration remained at around 30 and 70 at.%,
respectively, as the film was sputtered. Depth profiling indicated that the B film was composed strictly of
titanium oxides. Since the oxygen-to-titanium ratio was slightly greater than 2, it seems likely that oxygen
was present in forms other than titanium dioxide. The multiplex scans of the individual peak regions
indicated that the titanium was not fully oxidized but showed the appearance of a second, less oxidized
state, possibly TiO.

The initial survey scan of the as-received surface of the G film (fig. 4(a)) showed mostly carbon and
oxygen, along with zinc and nickel. After a 1-min sputter, oxides of zinc, nickel, titanium, and lead, along
with carbon and oxygen, were identified on the surface (fig. 4(b)). A depth profile was set up, monitoring
these elements (fig. 5). As shown in figure 5, the carbon dropped off quickly (< 5.0 nm), and zinc and
nickel decreased in concentration, with a thickness of approximately 20 to 30 nm. A small amount of lead
(<2 at.%) was also observed within the top 15 nm of the surface layer. There was an increasing amount of
titanium oxides found with increasing depth. At 27 nm in depth, the titanium concentration and oxygen
concentration were 25.8 and 63.2 at.%, respectively (also see fig. 4(c)). The multiplex scans of the
individual peak regions indicated that the lead was present in two states, possibly PbO and Pb;O4. The
thin G film was made by heating the specimen manually in a MAPP flame, so the contaminants in the
MAPP gas are what we are seeing as Zn and Pb impurities.

Titanium was fully oxidized within the first few tens of nanometers, followed by the appearance of a
second, more reduced state of titanium oxide, possibly TiO, deeper into the film.

Microhardness

The average value and standard deviation of the Vickers hardness of the 55Ni-45Ti substrate were
4.48 and 0.11 GPa, respectively, at an indentation load of 3 N. Figure 6 presents the Vickers
microhardnesses of the two films as a function of load. At loads between 0.1 and 3 N, no cracks were
observed in and around all the Vickers indentations in either the B or G film. The Vickers microhardness
of the films was influenced by the indentation load. The hardness of the B film decreased with increasing
load and became closer to the hardness of the Ni-Ti substrate (4.48 GPa). On the other hand, the hardness
of the G film increased with increasing load and was close to the hardness of the Ni-Ti substrate at higher
loads. All the hardness values of the B film were higher than those of the G film. At a load of 0.1 N, the
hardness and indentation depth of the B film were 6.61 GPa and 1.04 um, respectively, whereas those of
the G film were 2.85 GPa and 1.62 um. Note that the hardness of a film should be viewed with caution.
Although the indentation depth on the B film at 0.1 N was smaller than the thickness of the B film, the
hardness depended on that of the substrate. Especially, the indentation depth on the G film was much
greater than the thickness of the G film (~30 nm), the hardness of the G film should be viewed as a
reference only.
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Coefficient of Friction and Film Durability

Figures 7(a) and (b) present typical friction traces with scattering for the B and G film, respectively,
in sliding contact with sapphire as a function of the number of passes up to 1000 passes. The traces in
figure 7 show closely spaced irregularities (scatter). In general, the mean value and scatter of the
coefficients of friction are susceptible to changes in sliding conditions. For the B film (fig. 7(a)), the
height of the scattering is relatively small. The mean coefficient of friction gradually increased as the
number of passes increased, and it reached the steady-state coefficient of friction (0.26) at around
500 passes. On the other hand, for the G film, both the mean value and the height of the scatter of the
coefficients of friction (fig. 7(b)) strongly depended on the number of passes. After 250 passes, both of
the values started to increase as the number of passes increased. The steady-state coefficient of friction
was 0.25. However, the mean value and scatter of the coefficient of friction drastically increased after the
sapphire broke through the G film. Note that the steady-state coefficient of friction for 55Ni-45Ti in
sliding contact with sapphire was 1.1 (table I).

Figure 8 presents a typical friction trace with scattering for the B film in sliding contact with sapphire
as a function of the number of passes up to 300 000 passes. In this investigation, the sapphire broke
through the B film at around 240 000 passes. We found that the heights of the scatter in the friction trace
strongly increased after the sapphire broke through the film, whereas the mean coefficients of friction
were almost unchanged before and after this occurred.

When the film wear life (endurance life) was defined as the number of passes at which the mean
value or scatter in the coefficient of friction abruptly increased, the average sliding wear lives of the
B and G films were approximately 240 000 passes and 260 passes, respectively. The wear life of the
B film, because of its greater thickness, was 900 times longer than that of the G film.

Wear Rate and Wear Resistance

Figure 9 presents SEM micrographs of the wear track of the B film in sliding contact with a sapphire
ball after 10 000 sliding passes. The SEM micrograph taken at a low magnification shows that the worn
surface of the B film was relatively smooth, indicating that the B film was still present. Although closer
SEM examination showed that a couple of wear debris particles had chipped off the worn surface, the
wear damage was minimal. Like the wear track produced on the B film, the wear scar of the counterpart
sapphire ball surface was generally smooth. Closer SEM examination at a higher magnification revealed
only very locally smeared, thin patches of transferred materials.

The SEM micrograph of the wear track produced on the G film after 200 sliding passes against a
sapphire ball showed that the worn surface was relatively smooth, indicating that the G film was still
present. After 10 000 passes, however, both the wear scar on the sapphire ball (fig. 10) and the wear track
on the G film (fig. 11) were generally rough. Closer SEM examination at a higher magnification revealed
the worn surface of the sapphire and G film, indicating substantial wear damage. The G film had been
removed from the wear track, and EDS analysis revealed that the wear track contained predominantly
nickel and titanium.

The wear volume losses of the wear tracks produced on the films were quantified using optical
profilometry. Then the mean dimensional wear coefficients of the films (specific wear rates), the volume
loss of the material removed per unit distance and unit load, were calculated. The average wear rates for
the B and G films in sliding contact with sapphire were 6.3x10" and 1.4x10 °* mm’N"-m™', respectively
(as shown in fig. 12 and table I). The wear resistance (reciprocal of the dimensional wear coefficient) of
the B film was 2 times greater than that of the G film. The wear rate obtained in air at 296 K for the Ni-Ti
in sliding contact with sapphire was 4.5x10°> mm’ N "m". Thus, the wear resistance (reciprocal of the
dimensional wear coefficient) of the Ni-Ti was 70 times smaller than that of the B film.
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The wear rate of the sapphire ball depended on the counterpart material and its wear rate (as shown
in fig. 12 and table I). The higher the wear rate of counterpart material, the greater the wear rate of the
sapphire ball. The wear directly related to the chemical reactions, the adhesion, and the physical interac-
tions of the materials couple. The wear rates of sapphire increased in the following order of counterpart
materials: B film, G film, and Ni-Ti.

Summary of Results

The surface of the B film consisted primarily of titanium and oxygen with surface contaminants, such
as carbon. The B film was composed strictly of titanium oxides. The titanium was not fully oxidized: it
showed the appearance of a second, less oxidized state, possibly TiO.

The surficial layer of the G film consisted of oxides of zinc, nickel, titanium, and lead, along with
carbon and oxygen. The carbon was present in the top 5.0 nm of the surface layer, and zinc and nickel
were present in the top 20 to 30 nm of the surface layer. A small amount of lead (<2 at.%) was present in
two states, possibly PbO and Pb;O4, within the top 15 nm of the surface layer. Titanium was fully oxi-
dized within the first few tens of nanometers, followed by the appearance of a second, more reduced state
of titanium oxide, possibly TiO, deeper into the film.

The hardness of the bare 55Ni-45Ti substrate was 4.48 GPa, which was greater than that of the G film
grown on 55Ni-45Ti. The hardness of the B film was higher than that of the G film and 55Ni-45Ti. Ata
load of 0.1 N, the hardness of the B film was 6.61 GPa at an indentation depth of 1.04 um, whereas that
of the G film was 2.85 GPa at an indentation depth of 1.62 um. No cracks were observed in either film in
and around all the Vickers indentations made at loads between 0.1 and 3 N.

The steady-state coefficients of friction for the B film, G film, and 55Ni-45Ti in sliding contact with
sapphire were 0.26, 0.25, and 1.1, respectively. Although the scatter of the coefficients of friction of the
B film increased after the sapphire broke through the film at around 240 000 passes, the mean coefficients
of friction were almost unchanged before and after this occurred. On the other hand, both the mean value
and the scatter of the coefficients of friction of the G film drastically increased after the sapphire broke
through at around 260 passes. The wear life of the B film, because of its greater film thickness, was
900 times longer than that of the G film.

The average wear rates for the B and G films in sliding contact with sapphire were 6.3x10"’ and
1.4_10_6 mm’ N "'m™, respectively. The wear resistance (reciprocal of the dimensional wear coefficient)
of the B film was 2.2 times greater than that of the G film. The wear rate obtained in air at 296 K for the
Ni-Ti in sliding contact with sapphire was 4.5x10° mm’N "'m . Thus, the wear resistance values
(reciprocal of the dimensional wear coefficient) of the B and G films were 71 and 32 times greater than
that of the 55Ni-45Ni.

The wear rate of sapphire depends on the counterpart material and its wear rate. The higher the wear
rate of the counterpart material, the greater the wear rate of the sapphire ball. The wear rates of sapphire
increased in the following order of counterpart materials: B film, G film, and Ni-Ti.

Concluding Remarks

The surface characteristics of 55Ni-45Ti are much improved by both films, enhancing the tribological
characteristics. The films decreased the coefficient of friction by a factor of 4 and increased the wear
resistance by a two-figure factor, though the wear resistance and endurance life of the B film were
superior to those of the G film. The levels of coefficient of friction and wear resistance of both films in
sliding contact with sapphire were acceptable for NASA and Department of Defense tribological
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applications. The decrease in friction and increase in wear resistance will contribute to longer wear parts
lives, lower energy consumption, reduced related breakdowns, decreased maintenance costs, and
increased reliability.
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TABLE I—STEADY-STATE COEFFICIENT OF FRICTION, DIMENSIONAL WEAR
COEFFICIENT, AND WEAR LIFE OF FILMS IN SLIDING CONTACT WITH

SAPPHIRE IN AIR AT 296 K
Material Steady-state Dimensional wear Films
coefficient of coefficient, wear life,
friction mm’> N m™! passes
B film (TiO, alone) ~0.26 6.3x107 ~240 000
G film (TiO, with additional species) ~0.25 1.4x10°° ~260
Ni-Ti 1.1 4.5x10° | e
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Figure 1.—Unidirectional ball-on-disk sliding friction apparatus.
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Figure 2.—X-ray photoelectron spectroscopy (XPS) survey spectra of TiO2 specimen (B film).
(a) As-received surface. (b) lon-sputtered surface (sputtering for 1 min).
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Figure 9.—Wear track produced on TiO2 specimen (B film) in sliding contact
with sapphire for 10 000 passes at 296 K in air. (a) Low magnification.
(b) High magnification.
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Figure 10.—Wear scar produced on sapphire in sliding contact with TiO»
specimen with additional species (G film) for 10 000 passes at 296 K in
air. (a) Low magnification. (b) High magnification.
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Figure 11.—Wear track produced on TiO5 specimen with additional species
(G film) in sliding contact with sapphire for 10 000 passes at 296 K in air.
(a) Low magnification. (b) High magnification.
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Figure 12.—Dimensional wear coefficient (wear rate)
and coefficient of friction of TiOo specimen (B film),
TiO» specimen with additional species (G film),
and counterpart sapphire.
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